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Materials and Methods 
Chemicals 

L-α-phosphatidylcholine (95%) (Egg-PC; chicken), 1,2-dioleoyl-sn-glycero-3-
phospho-L-serine (DOPS), L-α-phosphatidylinositol-4,5-bisphosphate (PIP2; Porcine 
brain), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-[4-(p-maleimidomethyl) 
cyclohexane-carboxamide] (MCC-PE) were purchased from Avanti Polar Lipids 
(Alabaster, AL). Texas Red 1,2-dihexadecanoylsn-glycero-3-phosphoethanolamine (TR-
DHPE) was purchased from Invitrogen (Carlsbad, CA). Atto647N-maleimide, Atto488-
labeled guanosine diphosphate (EDA-GDP-Atto488) and Atto488-labeled guanosine 
triphosphate non-hydrolyzable analog (EDA-GppNp-Atto488) were purchased from Jena 
Bioscience (Jena, Germany). Guanosine triphosphate (GTP) was purchased from Sigma-
Aldrich (Saint Louis, MO). Guanosine diphosphate (GDP) was purchased from MP 
Biomedicals (Santa Ana, CA). 
Glass substrate cleaning  

Chromium corral patterned no. 1.5 thickness glass substrates were prepared by e-
beam lithography as described previously (45).  Prior to use, patterned glass substrates 
were rinsed individually and bath sonicated in IPA/H2O 1:1, followed by 3 min piranha 
etching (V(H2SO4):V(H2O2)=3:1), and thorough rinsing with copious amounts of 
ultrapure water. Caution: piranha solution is hot and highly corrosive and can explode if 
mixed with organic matter. Appropriate safety equipment is required.  
Optical microscopy 

Epifluorescence and total internal reflection fluorescence microscopy (TIRFM) 
images were acquired on a Nikon Eclipse Ti inverted microscope with a 100× 1.49 NA 
oil immersion TIRF objective and an Andor iXon EMCCD camera (South Windsor, CT). 
A mercury arc lamp was used for epifluorescence illumination. 488 nm (Sapphire HP; 
Coherent Inc., Santa Clara, CA) and 647 nm (RCL-050-640; Crystalaser, Reno, NV) 
laser lines were used for TIRFM imaging. Bandpass emission filters were HQ515/30 and 
ET630/75 (Chroma Technology Corp., Bellows Falls, VT), respectively. MetaMorph 
(Molecular Devices Corp., Downington, PA) software was used to control the 
microscope.  
Protein preparation 

SOS-HDPC (residues 1–1049), SOScat (residues 566–1049) and SOScat-cyslite 
(SOScat-C838A, C635A, C980S, E716C) derived from human SOS1 were expressed and 
purified as described (10, 12, 19, 46). Constructs with point mutant(s) were generated 
using the Quikchange site-directed mutagenesis kit (Stratagene, La Jolla, CA) and 
confirmed by DNA sequencing. H-Ras(C118S, 1-181) (residues 1–181) and H-
Ras(C118S, 1-184) (residues 1-184) were expressed and purified as described (12, 19). 
MS analysis confirmed the identity of the proteins. Fluorescently labeled SOScat-cyslite 
was prepared by reacting with 10-fold excess of Atto647N-maleimide for 2.5 hrs at 23°C. 
After labeling, 2 consecutive runs on PD-10 column (GE Healthcare, Pittsburgh, PA) 
were used to purify labeled SOScat-cyslite from unreacted dye. Degree of labeling was 
measured by UV/VIS spectroscopy (NanoDrop 2000, Thermo Scientific, Waltham, MA) 
and calculated to be ~90 %. 
Preparation of small unilamellar vesicles (SUVs) 
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Lipid compositions are given in molar percent. Chloroform mixtures of Egg-PC, 
MCC-PE, TR-DHPE and DOPS or PIP2 were dried for 10 min at 40°C in a rotary 
evaporator followed by drying under a stream of nitrogen gas for 20 min. For DOPS-
containing vesicles, mixtures contained 3% DOPS, 3% MCC-PE, 0.01% TR-DHPE, and 
the balance consisted of Egg-PC; for PIP2-containing vesicles, mixtures contained 2% 
PIP2, 1% MCC-PE, 0.01% TR-DHPE and the balance consisted of Egg-PC. Dried lipid 
films were resuspended in degassed phosphate buffered saline (PBS, pH 7.45) by 
vortexing. SUVs were formed by extruding 11 times through a 30 nm polycarbonate filter 
(EMD Millipore, Billerica, MA) using a hand-held mini-extruder (Avestin, Ottawa, ON, 
Canada). Vesicles were immediately used to form supported lipid bilayers (SLBs). 
Preparation of Ras-conjugated SLBs  

SLB formation and experiments were performed in FCS2 flow chambers 
(Bioptechs, Butler, PA). The patterned substrates were first incubated with maleimide-
functionalized vesicles (1 mg/mL in PBS) for 30 minutes, followed by 10 min incubation 
with Casein (2.5 mg/mL in PBS) and 2.5 hrs incubation with H-Ras(C118S, 1-181) or 
with H-Ras(C118S, 1-184) (1.3 mg/mL in PBS). Unreacted MCC-PE was quenched by 
10 minutes incubation with 2-mercaptoethanol (5 mM in PBS). Samples were thoroughly 
rinsed at the end of each incubation with 3 mL of PBS buffer. The samples were then 
cooled to 4°C in a cold room and the buffer exchanged to loading buffer (40 mM 
HEPES-NaOH (pH 7.4), 150 mM NaCl). Native nucleotide was stripped by 20 minutes 
incubation with EDTA (50 mM in loading buffer), followed by flushing with loading 
buffer and overnight incubation with fluorescent nucleotide (10 µM of EDA-GDP-
Atto488 or EDA-GppNp-Atto488 in reaction buffer). Reaction buffer is 40 mM HEPES-
NaOH (pH 7.4), 100 mM NaCl, 5 mM MgCl2. Next day, Ras-functionalized bilayers 
loaded with fluorescent nucleotide were brought to room temperature right before use and 
washed with 3mL reaction buffer under constant flow rate (1mL/min) to remove unbound 
fluorescent nucleotide. Care was taken to ensure that the SLBs were hydrated at all times. 

There is currently no robust method for working with natively lipidated H-Ras in 
vitro. Purification of native H-Ras (e.g. from insect cells capable of posttranslational 
modification) results in very limited yields and is severely hampered by hydrolysis and 
loss of palmitoyl lipid residues (47). Semi-synthetic native-like lipidation of Ras 
superfamily GTPases like Rab and N-Ras has been developed (48), but appears 
intractable for H-Ras (49). Maleimido-DOPE coupling to one or two cysteines in the 
HVR allows native-like membrane coupling of H-Ras, which is fully functional with 
respect to SOS activation (19).  
Sample fluidity and Surface density characterization  

To assess the quality and surface density of Ras-functionalized supported lipid 
bilayers, fluorescence fluctuation spectroscopy (FFS) measurements were performed, 
using a home-built confocal setup based on a Nikon Eclipse TE2000-E inverted 
microscope (50). Two different analytical methods, fluorescence correlation spectroscopy 
(FCS) and photon counting histogram (PCH) analysis, were applied to analyze measured 
fluorescence fluctuations. In FCS, time correlation of fluorescence fluctuations were 
calculated and diffusion coefficients of Ras and TR-DHPE were monitored 
simultaneously. This allowed us to ensure that both species were laterally mobile (Fig. 
S1A). PCH analysis allowed us to determine the surface density of Ras accurately since it 
has the ability to distinguish different clustering states and measure the average density 
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for each state (51). In this way, a calibration curve between wide field epifluorescence 
intensity and Ras density measured by PCH was established (Fig. S1B) and used in later 
quantification of kinetic traces. 

To ensure that Cr corrals were indeed diffusion barriers, fluorescence recovery after 
photobleaching (FRAP) was performed on a corner of the corral arrays (Fig. S2). 
Recovery outside the array confirms the lateral fluidity of the membrane (Fig. S2B), 
while lack of recovery inside the array confirms that Cr lines act as barriers for lateral 
diffusion (Fig. S2C).   

To ensure that Ras-tethered SOS molecules inside corrals were laterally mobile, 
single molecule tracking of fluorescently labeled SOScat-Atto647N was performed (Fig. 
S4). SOScat enzymes were seen to remain laterally mobile for the duration of the 
experiments, sampling the entire surface area of corrals in which they were confined.  
Single molecule corral assay 

To perform single molecule corral experiments, SOS constructs were injected as a 
pulse through the system with a flow rate of 2mL/min. To initiate the SOS-mediated 
exchange reactions, unlabeled nucleotide (GDP or GTP, 120 μM) in reaction buffer 
together with 1mM TCEP was provided to stably flow through the sample chamber at a 
flow rate of 1mL/min for first 4 minutes and 0.2mL/min afterwards. Time-lapse 
epifluorescence images were collected every 35-40 seconds to measure the reaction 
kinetics for ~20-25 minutes. In the case of Atto647N-SOScat, TIRFM images were taken 
at the end of the time-lapse recording to show how SOScat diffuses inside the corral. 
Corral Occupancy for single molecule activity measurements  

In all experiments, SOS surface concentrations were adjusted so that >95% of active 
(dark) corrals contained only 1 enzyme. During injection through the flow chamber, SOS 
enzymes bind the membrane surface at random lateral positions.  At a given average SOS 
surface density, the corral occupancy of SOS follows a Poissonian distribution. 
Therefore, a statistically equivalent requirement to having only a single SOS in an active 
corral with ~95% probability is that ~10% or less of all corrals in the array are 
enzymatically active (turn dark) during turnover (Fig. S3). Importantly, this internal 
control allowed us to reliably monitor single-enzyme kinetics (in >95% of traces) even 
for non-fluorescent SOS constructs.  
Extracting fluorescence decay rates from the corral assay 

Epifluorescence images from time-lapse recordings were flattened against reference 
images acquired outside the corral array, in order to remove intrinsic unevenness caused 
mainly by the illumination profile (Fig. S5A). Individual kinetic traces were then 
extracted using a custom algorithm in Matlab, by measuring the average fluorescence 
intensity from each identified corral in the image, while avoiding corral grid lines (Fig. 
S5B and C). For further analysis, each kinetic trace from all corrals in the array were 
normalized to their own initial maximum intensity value, and then corrected for changes 
in fluorescence intensity due to photobleaching, intrinsic nucleotide release and 
microscope fluctuations by dividing with the average trace from all corrals without SOS 
(Fig. S5D). The ‘dark corral’ (P1) and ‘no SOS’ (P2) populations were identified in 
images by the intensity difference between the first and last frames in the time-lapse 
recordings. For P1, the intensity difference is larger due to a combined effect of SOS-
mediated turnover, photobleaching, and intrinsic exchange, whereas for P2 the difference 
is smaller due to the lack of SOS-mediated catalysis. In the distribution of intensity 



 
 

5 
 

differences in all corrals in the array, the P2 peak was fitted to a Gaussian curve (Fig. 
S5E), and a threshold of <0.05 % probability of overlap with the P2 Gaussian was used 
when defining the P1 population (Fig. S5E and F). Kinetic traces were then separated into 
the two categories (Fig. S5G).     

During the enzymatic reaction, the total Ras density in individual corrals remains 
constant, and SOS catalysis results in fluorescent Ras becoming non-fluorescent (Fig. 
S17). As the reaction proceeds, the rate of decrease of fluorescence slows down because 
a) the density of fluorescent Ras decreases, and b) SOS spends an increasing amount of 
time turning over non-fluorescent Ras. The result is an exponential decay of fluorescence 
due to SOS catalysis. Each corral has three potential exponential decay channels:  

 
  (1) SOS turnover,  
  (2) Photobleaching,   
  (3) Intrinsic Ras turnover,  
For P1,  
  ,  
whereas for P2,  
    
To extract the component of the exponential decay attributable to enzyme catalysis, 

each kinetic trace of P1 was divided by the average kinetic trace of P2: 
      
Here, the apparent rate constant  describes the rate of decay of fluorescence due 

to SOS turning over a constant reservoir of Ras in the presence of a constant 
concentration of non-fluorescent nucleotide in solution. Calculation of the rate of 
turnover, , from the fluorescence decay rate constant  is explained in the next 
section.  

Dividing the individual traces of P2 with the average trace from all P2 in the array 
gives corrected baseline traces for zero catalytic turnovers. Both intrinsic nucleotide 
release and photobleaching involve thousands of Ras in each corral. As a result, in an 
ideal experimental setup, all empty corrals should decay with nearly identical rates, as 
stochastic fluctuations in Ras properties are averaged out within each corral. Therefore, 
differences in fluorescence decay rates between empty corrals mainly result from 
experimental error. The width of the distribution of decay constants from P2 is therefore 
used to estimate the minimal distribution width resolvable with the present corral assay 
experiments.  
Extracting molecular kinetic parameters from fluorescence decay rates 

The simplest description of the nucleotide exchange reaction catalyzed by one SOS 
enzyme in the corral assay is characterized by the following reactions: 
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Where  represents Ras loaded with fluorescent nucleotide,  represents 
Ras loaded with non-fluorescent nucleotide,  is the association rate constant,  is the 
dissociation rate constant, and  is the catalytic rate constant. The total number of Ras 
( ) in each corral stays the same and initially all Ras are loaded with fluorescent 
nucleotide, i.e. . In the following analysis, we assume SOS-catalyzed 

exchange does not distinguish between  and . As a result, the probability of 
SOS catalyzing  relative to catalyzing  during the reaction will be proportional 
to the numbers of  and , respectively (Fig. S17). 

The reaction scheme can be described with the single molecule Michaelis-Menten 
equation (41, 52):  

   

Where  is the mean waiting time between turnovers and  can be interpreted 

as an average reaction rate (52),  is the substrate concentration and . 

In the assay,  in each corral. Since the assay measures the rate of fluorescence 
decrease  due to the replacement of  with , the following 
equation can be used to describe the system: 

     

  

    

     
 

with .  and  represent the number of  at 

time t and time 0, respectively, and  is the rate constant for fluorescence decay (per 
SOS enzyme), as described in the preceding section. To calculate the enzymatic rate 
(abbreviated here as turnover number, )  of products catalyzed by one 
SOS per second we can use the expansion: 

    

    

    
when  is small.     
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For all analysis and discussion, this equation was used to convert apparent rate 
constants  to enzymatic rates by . 

This is the general result for  for a SOS mechanism that can be described by the 
MM equation, and for the turnover number  when  is small. The measured 
values are in the range of 10-4 s-1, justifying omitting the higher order terms in the 
expansion. 

The physical interpretation of depends on whether Ras density is saturating. In 
the limiting case where substrate concentration is low,  and 

. Conversely, when  is saturating and the enzyme  becomes rate 
limiting,  and . Our results indicate that for all SOS 
constructs and conditions probed, the rate dependence on is small compared to 
intrinsic scattering due to variation in  and/or  (Fig. 3D-F).   

In the single molecule assay, individual SOS catalytic states give rise to single-
exponential decays of fluorescence intensity, identified as linear segments in log-plots of 
fluorescence decay over time (Fig. 2A and Fig. S8). Because of the experimental design, 
this implies that, within the experimental error, SOS does not distinguish between Ras 
loaded with fluorescent or non-fluorescent nucleotide (Fig. S17). This is true for both the 
Ras-GDP/GDP-488 and Ras-GTP/GppNp-488 exchange reactions. If SOS displayed a 
significant difference in activity with respect to Ras loaded with fluorescent or non-
fluorescent nucleotides, two exponential terms rather than one would describe each 
catalytic state.  
Identification of individual kinetic states 

Distinct kinetic states sampled by individual SOS enzymes were quantified using an 
unbiased and automated approach. Single-enzyme turnover traces were generally 
characterized by the presence of a number of well-defined kinetic states, i.e., the enzyme 
exhibits a characteristic rate of catalysis for a finite time interval and then switches to 
work at another rate. Evident transitions between such activity states were frequent and, 
the first step in inferring rates of catalysis from the data was to localize the different 
states within each trace.  

This was achieved using the change point algorithm developed by Ensign and Pande 
(23). The change point algorithm was originally designed for the purpose of identifying 
transitions in time-series of a stochastic variable spontaneously fluctuating between 
distinct levels. Change point analysis of the catalysis data was performed after recasting 
the turnover traces (examples in Fig. S18A and B) in terms of the observed local rate of 
catalysis (defined as the change in fluorescence intensity between two measured time-
points weighted with the time lapsed, Fig. S18C and D). A Bayes factor of 3, generally 
accepted to reflect ”substantial evidence”, was applied as a criterion in change point 
identification (23). Having localized all statistically significant change points, the 
apparent turnover rate constant  was obtained for each state as the slope of the least-
square fit of the turnover trace to a straight line (black solid lines on Fig. 2A and Fig. S18 
and B). The data treatment scheme was implemented in Igor Pro ver. 6.22A 
(WaveMetrics, Lake Oswego, Oregon, U.S.A.) and operated via a graphical user 
interface, allowing inspection of the consistency of the identified states and fitted 
kinetics. 
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To ensure that transitions between distinct catalytic rates in individual corrals did 
not arise from SOS enzymes getting stuck in an inactive or sterically inaccessible 
conformation on bilayer defects or corral walls, diffusion of fluorescently labeled 
SOScat-Atto647N was imaged simultaneously with catalytic activity (Fig. S10). In order 
to image SOScat-Atto647N movement over the long time-frame of the experiments (app. 
20 minutes) imaging was done at low time-resolution.   SOScat was seen to remain 
mobile within corrals, even as the turnover rate switched between different activity states.  
Preparation of SOS schematic in PyMol 

The SOS schematic in figure 1A was prepared in PyMol using a SOS-HDPC crystal 
structure adapted from (12), the HVR region of Ras adapted from (53) and a POPC 
bilayer structure adapted from (54). 

Supplementary Text S1-S7 
Supplementary Text S1: Correspondence between single molecule and bulk assays:  

Bulk measurements of the apparent turnover rate of SOS (in the absence of 
membranes) were initially believed to reveal a 10-fold increase in SOS activity when 
Ras-GTP was bound in the allosteric site, as compared to Ras-GDP in the allosteric site 
(6). Subsequent bulk measurements of the apparent turnover rate of SOS, with Ras bound 
to saturation in the allosteric site, indicated that the apparent activity of SOS was similar, 
irrespective of the nucleotide state of Ras (see Fig. S2 in the supplementary material of 
reference (10)). Our single molecule observations of nearly overlapping rate distributions 
for Ras-GDP and Ras-GTP (Fig. 3) resolve this conflict by showing that Ras-GTP in the 
allosteric site only mediates a modest, albeit measurable, average increase in SOS 
specific activity relative to Ras-GDP in the allosteric site (Fig. S13). Importantly, our 
data reveals that ‘active SOS’ with Ras bound in the allosteric site is not a single state, 
but represents multiple distinct and interconverting functional states. 

Due to the limitation of experimental platforms, earlier kinetic measurements often 
convolves SOS recruitment of Ras to the allosteric site with any concomitant change in 
specific activity (10): Binding experiments have shown that Ras-GTP has a 7-fold higher 
affinity for the allosteric site of SOS than Ras-GDP (KD of 3.6µM compared to 24.5µM 
respectively) (10). At the same time, SOS without any allosteric Ras is ~75-fold less 
active than SOS with allosteric Ras bound (55). Therefore, when Ras and SOS 
concentrations close to the KD of the allosteric site were used in bulk assays, nucleotide 
mediated differences in the extent of Ras binding in the allosteric site were reflected in 
the apparent rate measurements (10). As a result, initial experiments were believed to 
reveal allosteric effects on the catalytic rate, mediated by the nucleotide state of Ras (6). 
As described above, the single molecule measurements demonstrate that these rate 
differences were in fact due to different levels of Ras saturation in the allosteric site, 
rather than an allosteric nucleotide effect. This was also indicated by bulk measurements 
that used the Ras mutant RasY64A, which only binds in the allosteric site of SOS, to 
saturate the allosteric site for both Ras-GDP and Ras-GTP. When enough RasY64A-GDP 
was used to saturate SOS’ allosteric site, the rate difference between Ras-GDP and Ras-
GTP was not measurable (see Fig. S2 in the supplementary material of reference (10)).  
Supplementary Text S2: Conformational dynamics and biochemical regulation 

The N-terminal domains of SOS-HDPC auto-inhibit SOS activity relative to 
SOScat. This is observed as a narrowing of the rate distribution of SOS-HDPC relative to 
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SOScat, with a large overlap at lower rates (Fig. 2C). These observations are consistent 
with allosteric regulation by the N-terminal domains via conformational selection (29-
31). We also observe the dynamics of the effect: the fluctuation frequency observed for 
SOScat (30%) is significantly lowered in the longer SOS-HDPC and SOS-
HDPC(R552G) constructs (10% or less, Fig. S9), showing that allosteric autoinhibition in 
SOS-HDPC results from suppression of fluctuations that populate multiple high activity 
states. 

For signaling proteins, dynamic properties are likely to play a major regulatory role 
(56). Changes in the internal dynamics of enzymes has been shown to be a potent 
allosteric modulator of biochemical activity (24), via induced changes in the protein 
conformational entropy (57) and via sampling of ‘long-lived’ poorly populated protein 
states (58). For example, in the Rac GEF Vav1, release of autoinhibition by 
phosphorylation happens via stochastic fluctuations to a sparsely populated state (59). 
Molecular dynamics (MD) simulations of SOScat predict similar fluctuations in the 
allosteric and catalytic sites, between inactive and active states, and show that protein 
flexibility in SOScat may be important for allosteric regulation of SOS (60). The 
functional states observed for SOS in the present work have surprisingly long lifetimes. 
Protein conformational fluctuations are normally considered to be ‘slow’ when they 
happen on the microsecond to millisecond time-scale (24-26). However protein states 
extending this timescale to the seconds range have been observed at the single molecule 
level (27). Historically, ultra long-lived excited protein states have been invoked to 
explain bulk enzyme hysteresis (61) on the minute to hour time-scale (62, 63). 
Supplementary Text S3: Stochastic simulation of single-state Ras/SOS reaction network 

The catalytic cycle of SOS is characterized by a branched network of molecular 
transitions, related to binding, unbinding and turnover at the two Ras binding sites (19). 
Even in a simplest-case single-state SOScat system, random path selection in this 
reaction network will lead to stochastic variation in turnover rate over time and between 
enzymes. In order to estimate the distribution width associated with this variation, we 
used literature estimates of SOScat rate parameters (8, 19) to perform stochastic 
simulations.  

A model was constructed to simulate the interaction of membrane-bound Ras with 
SOS in the corral assay. We use a convention where “Ras·SOS” indicates Ras bound in 
the allosteric site, “SOS·Ras” indicates Ras bound in the catalytic site, and 
“Ras·SOS·Ras” indicates Ras in both allosteric and catalytic sites. Ras* represents a Ras 
loaded with fluorescent nucleotide whereas Ras0 is a Ras with non-fluorescent nucleotide. 
Our model assumes that SOS is able to switch the binding partners at both allosteric and 
catalytic sites but only catalyzes nucleotide exchange at the catalytic site. Once a SOS is 
disengaged from both sites simultaneously it will not be able to bind any Ras again, to 
simulate the case in the corral assay where a SOS unbinds from surface and is flushed 
away. Our model contains the reactions shown schematically in figure S11. The rate 
constants used in the simulation were derived and chosen in order to qualitatively 
describe the system (8, 19).  

In this reaction scheme, only channel (I) leads to a nucleotide exchange reaction. On 
the other hand, channel (II) describes the case where a SOS unbinds from the surface. A 
stochastic simulation was performed based on the Gillespie algorithm for calculating 
reaction kinetics (33). In this method, the kinetic rate constants are replaced by a set of 
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transition probabilities, p, which define the probability that a single molecule undergoes a 
conversion from one state to another (33).  

To generate catalytic traces from stochastic simulations, we assumed that each 
reaction starts at the upper left corner (Ras*·SOS·Ras0) in figure S11 and determined the 
reaction direction by evaluating the transition probability based on the rate constants 
(listed below) and a Ras* density of 600 molecules/μm2. We assume the reaction starts 
with all Ras bound to fluorescent nucleotide (Ras*) and its initial value can be obtained 
directly from experiment and used in the simulation. Trajectories were recorded using a 
time step of 0.06 ms for 500 seconds. After each step, we keep track of and update the 
position of SOS in the reaction scheme. When the simulation goes through channel (I), a 
nucleotide exchange event is recorded and the number of Ras* and Ras0 will be updated. 
On the other hand, once SOS goes through channel (II) in the reaction scheme, it will stay 
as (S) throughout the simulation and no more exchange would occur since it represents a 
SOS unbinding event. Under these conditions, one trajectory of Ras* decay over time 
represents the enzymatic activity observed for a single SOS catalyzing nucleotide 
exchange in a corral. A total of 500 stochastic simulations were performed and allowed 
us to extract the corresponding ensemble distribution of kinetics traces. 

Rate constants used in the stochastic simulation (details of unit conversion can be 
found in (19): k

–A0 
= 0.008 s-1, k

–C0 
= 0.008 s-1, k

A1 
= 12000 s-1, k

–A1 
= 6 s-1, k

C1 
= 6000 s-1, 

k
–C1 

= 5 s-1, k
cat 

= 1.5 s-1. 
 Supplementary Text S4: SOS copy number and variance of ensemble mean 

The corral assay reveals that SOS enzymes stochastically fluctuate between long-
lived states with catalytic rates that can differ by an order of magnitude or more (Fig. 
2B). A fundamental consequence of the broad rate distributions observed for SOS is that 
average ensemble rates will not meaningfully describe SOS signaling throughput in a 
cascade if it is mediated by a low number of enzymes, or by enzymes that remain 
spatially separated on the cell membrane in distinct signaling clusters or membrane 
compartments. To quantify this behavior, we parameterized the rate histograms for SOS-
HDPC bound to either Ras-GTP or Ras-GDP in the allosteric site, by fitting with 
Lorenzian probability distribution functions. In order to simulate the average and 
variance of SOS activity as a function of copy number, a certain number n of SOS 
molecules were randomly selected from the underlying Lorenzian distribution and the 
corresponding average and variance were computed. This operation was repeated 10,000 
times in order to plot the distribution of rate averages for that particular copy number. A 
selection of resulting average rate distributions are shown for SOS-HDPC-Ras-GDP and 
SOS-HDPC-Ras-GTP in figure S13A and B. When n=1 the ‘average’ rate distribution is 
the same as the real rate distribution measured in the corral assay. As n increases, the 
averaging of individual SOS rates in the growing ensembles tends to narrow the resulting 
average rate distributions, making the average rate increasingly well defined. These are 
simple statistical consequences of starting from a wide rate distribution. The significance 
for interpreting the nucleotide sensitivity of SOS is illustrated in figure S13C, which 
shows the computed average and standard deviation as a function of copy number for 
SOS-HDPC: only when the overall activity of a larger ensemble of SOS enzymes 
mediates the biological signal (~1000) will the variance be low enough for the average 
rate to accurately characterize the biochemical flux.  
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For example, GTP has a modest average activating effect on SOS-HDPC (~50% rate 
increase) (Fig. S13C). This increase is swamped by stochastic noise at low copy number, 
due to intrinsic rate fluctuations of more than an order of magnitude. This does not mean 
that there is no nucleotide specificity at low SOS copy number, only that in this regime 
average rates do not capture the stochastic nature of the observed molecular behavior.  

In general, in the low copy number regime, the shapes of the underlying 
distributions, rather than their global averages, can potentially encode the biological 
significance of enzyme activity. For SOS, an apparently subtle difference in the 
ensemble-averaged rate contains a profound difference in the processive capacity of a 
specific subset of molecules (Fig. 3D-F). This behavior can have large effects on the 
signaling network in which SOS operates (See supplementary text S5).  
Supplementary Text S5: Lateral partitioning of Ras and SOS on the cell membrane  

In vivo, Ras proteins are heterogeneously distributed on cellular membranes (64). 
The plasma membrane is organized into compartments by the engagement of 
transmembrane proteins with the submembrane cortical actin mesh (65). Long-range 
diffusion across multiple compartments is impeded by cytoskeletal boundaries, which 
have been shown to corral Ras within the membrane (66). Within compartments Ras 
proteins are further partitioned into dynamic domains (67) and Ras nanoclusters (68), 
resulting in localized Ras ‘hot-spots’ on the membrane (69). It is therefore likely that the 
lateral distribution of SOS molecules engaged with Ras on the cell membrane will be 
similarly heterogeneous, shaped by the spatial pattern of Ras. Indeed, co-regulated spatial 
patterns of GTPases like Ras, and their cognate activators (GEFs) and deactivators 
(GAPs) within the cell and on membranes are believed to functionally affect the signaling 
cascades of these molecules (36). As a result of such a heterogeneous distribution of Ras, 
and likely also SOS, the membrane may not rapidly average the contributions of spatially 
distinct signaling bursts, leading instead to localized signal propagation from the 
membrane into the cell (38). Under such conditions, a broad distribution of SOS states 
within the ensemble of enzymes bound to Ras on the membrane, as observed in the corral 
assay, can lead to localized signaling from regions with SOS in a highly active and long-
lived state.  
Supplementary Text S6: Modeling SOS rate fluctuations and stochastic signaling 
dynamics 

To gain insight into effects of slowly fluctuating enzyme kinetics, we study a simple 
model that captures qualitative features of the experimentally measured rate distributions. 
Consider a single enzyme that can sample three catalytic states: slow, intermediate, and 
fast kinetics. The enzyme catalyzes the reaction: 

  
where  (the substrate molecule) can be regarded as Ras-GDP,  can be regarded 

as Ras-GTP, and the reaction rate  can take on three different values associated with 
different catalytic states of the enzyme. The values of  are chosen to give substrate 
turnover rates similar to those measured in experiments. The enzyme stays in a given 
catalytic state for a random time drawn from the exponential distribution with rate , 
which we call the switching rate. At the end of each random time interval, the enzyme 
updates its catalytic state according to the probability distribution associated with the 
three catalytic states. We denote the probability of being in state i by . Both the value 
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of  and the distribution of kinetic rates depend on the nucleotide occupancy of Ras in 
the allosteric pocket of SOS. When multiple enzymes are present, each enzyme samples 
from the same distribution of catalytic rates, and each independently switches catalytic 
states at random times governed by . The total rate at which  is converted to is 
given by the sum of the individual enzyme rates.  

We also consider conversion of  to , which is mediated by a deactivating 
enzyme . This can be regarded as RasGAP activity that catalyzes the conversion of 
Ras-GTP ( ) to Ras-GDP ( ): 

 
We assume that the binding step happens instantaneously. When the number of  

exceeds the number of , the total rate of conversion of  to  is constant, giving a 
zero-order kinetics regime in which the number of  does not affect the total rate. The 
total deactivation rate is 4 s-1 (Fig. 4A) or 10 s-1 (Fig. 4B) when all deactivating enzymes 
are bound to . Distributions in Fig. 4B result from trajectories sampled at 100 s. In the 
results presented below, we use experimentally motivated parameters, with  = 10-4 s-1, 

 = 10-3 s-1,  = 10-2 s-1, and the total number of substrate molecules, = 103. 
We use computational methods that account for the stochastic nature of chemical 

kinetics, simulating the chemical reaction network with fluctuating enzyme kinetics using 
the Gillespie algorithm (33). Each independent simulation gives a trajectory that specifies 
the number of each type of molecule as a function of time. We track the number of  
molecules, , as a function of time. One quantity of interest is the probability that the 

number of  has exceeded a threshold value ( ) by time t, which we denote by 
. The threshold can be regarded as a concentration of Ras-GTP required for 

activation of a downstream signaling cascade. We calculate  by determining 
the fraction of trajectories that have reached a threshold value of  by time t. Our 
computational model allows us to study two effects associated with the allosteric 
influence of Ras-GTP on SOS: (i) increased weight in the high-rate tail of the enzymatic 
rate distribution and (ii) decreased rate of switching between enzymatic rates.  

For a collection of independent enzymes, placing additional weight in the highly 
active tail of the distribution can lead to fast activation by a subset of the enzymes. In the 
presence of deactivating enzymes, this can occur even when a collection of enzymes 
operating at the increased average catalytic rate are unable to support activation (Fig. 
4A). Additionally, two molecules with identical enzymatic rate distributions can lead to 
different ``downstream'' signaling signatures if they sample from the turnover rate 
distribution with different switching rates (Fig. 4B). In particular, we demonstrate that 
slower switching between turnover rates can lead to a faster response, and that slow 
switching can promote activation in cases in which fast switching abrogates activation. 
Here, we fix the distribution of enzymatic rates ( = 0.25,  = 0.5, = 0.25) and vary 
the switching rate . At times much shorter than , an enzyme is unlikely to switch 
states and as a consequence the switching rate has a negligible effect on the distribution 
of  at short times. At times much longer than , one expects the distribution of 

 to have a single mode that grows as if governed by the average catalytic rate. Hence, 



 
 

13 
 

different values of  are expected to affect the production of  differently at 
intermediate times. 

Figure S16 illustrates how the switching rate affects the distribution of the number 
of  as a function of time when no deactivating enzymes are present. At short times 
(Fig. S16A), for both switching rates considered (orange and green graphs), there are 
three peaks associated with the three distinct enzymatic states. However, for slow 
switching ( = 0.01 s-1, orange), highly active enzymes stay in that state for longer 
times on average. Hence, there exist trajectories that produce  at a high rate for long 
times, leading to a population of trajectories with large numbers of . For example, 
consider the histograms at 100 s (Fig. S16B). With = 0.1 s-1 (green), each enzyme has 
changed catalytic state on average about 10 times. This leads to a blurring of the three 
peaks seen at the short timescale in figure S16A. However, for the case with = 0.01 s-

1 (orange), there are still three distinct peaks, with the peak at large  existing at values 
of  that have not yet been sampled with = 0.1 s-1.  

Figure 4A in the main text emphasizes this point by showing that in the presence of 
deactivating enzymes, slow switching between catalytic states can promote the ability to 
reach a signaling threshold. Note that when the enzyme operates at the average rate and 
in the case of fast switching, threshold crossing is completely suppressed, while slow 
switching allows threshold crossing. Physically, this is because molecules in the highly 
active state stay in that state longer on average, thus promoting the ability of those 
enzymes to activate sufficient numbers of . 
Supplementary Text S7: Coarse-grained modeling of SOS network dynamics  

To study the effects of fluctuating kinetics on the bimodal response of Ras activation 
in lymphocytes, we performed a coarse-grained, stochastic simulations of the network 
using the Gillespie algorithm (33). The model we employed has been successfully used to 
interpret bimodal SOS signaling in thymocytes in vivo (8). Stochastic simulations were 
carried out inside a simulation box with an area of 4µm2 total volume of V=0.08µm3. We 
have chosen the volume in such a way that diffusion within the box is much faster than 
the time scales of the chemical reactions. Thus, we can assume the simulation box is well 
mixed. We assume that cytosolic species such as ligand can interact with the membrane 
bound species only when it has come within a confinement length of d=1.7 nm. 

We allow each SOS enzyme to independently switch its catalytic rate with a 
switching rate that depends on the allosteric occupancy. At switching times which are 
stochastically determined in the simulation, the enzyme redraws a catalytic rate from a 
distribution outlined in table S1-S4, chosen such that the average value is the value 
recorded in the literature.  

In our simulations, we sought to understand and isolate the relative effects of both a 
heavier tailed distribution and a slower switching rate for SOS with Ras-GTP versus Ras-
GDP allosterically bound (hereafter referred to as SOS-Ras-GTP and SOS-Ras-GDP 
respectively). By switching rate we refer here to the rate at which SOS stochastically 
draws a new catalytic rate. In our simulation, we consider a simple model in which the 
catalytic rate of SOS is allowed to fluctuate between a discrete set of states with 
probabilities chosen such that the average catalytic rate coincides with experimentally 
known values (Supplementary table 1 and 2). We allow the SOS enzyme to draw from 
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different catalytic distributions based on the allosteric occupancy. The amount of time 
that a SOS enzyme will remain in one catalytic state is itself a random variable governed 
by the aforementioned switching rate (Supplementary table 3). 

Our simulations suggest that there are two main results of allowing a fluctuating 
catalytic rate. First of all, the range of SOS concentrations that elicits a bimodal response 
is shifted to higher values when compared to the case of a non-fluctuating SOS catalytic 
rate (Figure 4C). This implies that the Ras/SOS network with rate fluctuations becomes 
more conservative in the sense that greater signal strength (as measured by SOS 
concentration) is required to elicit a high Ras-GTP level. The second main result is that 
the range of SOS concentrations corresponding to a bimodal response is widened (Figure 
4D).  

These results are both due to the heavy-tailed nature of the catalytic distribution of 
SOS-Ras-GTP. Because the enzyme can sample catalytic rates below the average value 
with high probability, the effective concentration of SOS-Ras-GTP appears lower than 
the case in which there is no rate fluctuation. Having a slower switching rate for SOS-
Ras-GTP versus SOS-Ras-GDP exaggerates this effect when compared to the case of 
equal switching rates, and pushes the bimodal response to even higher values of SOS 
concentration (Figure 4C). This is because the enzyme now lingers on slow catalytic rates 
for a longer expected time due to the slow switch rate. Because of the heavy-tailed nature 
of the distribution, the states slower than the average have relatively high probability.   
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Fig. S1. Sample fluidity and Ras surface density. 
(A) Normalized auto-correlation functions, G(t), of H-Ras and TR-DHPE lipid measured 
simultaneously. Ras displays a slower lateral diffusion compared to lipid. Insert, PCH 
analysis for Ras on the surface. The PCH analysis gives a surface density of 592 
Ras/µm2. (B) Calibration curve for the conversion between fluorescence intensity and 
Ras density.  Ras density was determined by PCH analysis. 
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Fig. S2. Fluorescence recovery after photobleaching (FRAP) characterization of Ras 
mobility. 
(A) FRAP was performed at the corner of an array of corrals. (B) No fluorescence 
recovery was observed inside the corral array area due to the chromium diffusion 
barriers. The bleached area outside the array recovered fluorescence as laterally mobile 
Ras molecules diffused into the bleached spot. (C) The fluorescence intensity plot along 
the red cross section in (A) and (B) shows the fluidity of the sample. 
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Fig. S3. Poissonian statistics of corral occupancy. 
(A) Assuming random binding of SOS from solution onto discrete corrals, a mean 
occupancy of ~ 0.1 SOS/corral (vertical dotted line) will correspond to 90% of all corrals 
being empty. (B) Of the ~ 10% of corrals that contain SOS enzyme (full vertical arrow), 
95% will contain only 1 SOS, while 5% will contain 2 or more SOS molecules.    
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Fig. S4. SOScat-Atto647N diffuses uniformly within corrals. 
(A) Greyscale density map showing how often a single SOScat-Atto647N visits a certain 
location in the bottom left corral; (B) In the corresponding localization map, each dot 
represents the location of SOScat-Atto647N identified by the tracking algorithm. The 
whole area shown contains 4 corrals, but only the bottom left corral has a SOScat-
Atto647N molecule. 
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Fig. S5. Single molecule corral analysis. 
 (A) Flattened epifluorescence images of fluorescent nucleotide-loaded Ras in an array of 
484 corrals before (left) and after (right) exchange reaction. (B) Using a custom 
algorithm in Matlab, the boundaries of corrals were defined and shown as green lines. (C) 
Zoomed-in images of (B). The black squares in the top-left corner of the images represent 
the region of interest when extracting fluorescence intensities from corrals. (D) 
Normalized and corrected intensity traces from individual corrals in the assay. (E) A 
distribution plot based on the intensity difference in each corral before and after the 
exchange reaction. The main peak corresponding to corrals without turnover (P2 
population) was fitted to a Gaussian distribution (orange line). The threshold for selecting 
dark P1 corrals was set to allow less than 0.05% probability of overlap with the P2 
population (vertical dotted line). (F) The automatic selection of dark P1 corrals (marked 
with light blue circles). (G) Corresponding kinetics traces belonging to either dark corrals 
(P1, blue) or corrals without SOS (P2, black). Corral size = 2x2 µm2. 
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Fig. S6. Nucleotide exchange catalyzed by SOScat on double anchored Ras 
(Ras(C118S, 1-184)). 
A Ras construct with two cysteines at 181 and 184 is functionalized onto the micro-
patterned lipid bilayer. (A) Epifluorescence images of fluorescent nucleotide loaded Ras 
being catalyzed by SOScat at 3 different time points during the exchange reaction. (B) 
False color overlay of Ras (red) and labeled SOScat (SOScat-Atto647N; green) shows 
co-localization of dark corrals and a single SOScat. (C) Collection of kinetic traces from 
individual corrals with (blue traces) and without (black traces) enzymatic activity. (D) 
Histogram of total Ras-GTP-488 turnovers by individual SOS enzymes. Scale bars in (B) 
is 10µm. 
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Fig. S7. SOScat(W729E) is non-processive. 
Epifluorescence images of Ras nucleotide state (A) before and (B) 1000 s after 
SOScat(W729E) and non-fluorescent nucleotide was introduced into the corral assay. 
SOScat(W729E) was injected under identical conditions as SOScat but did not lead to the 
appearance of dark corrals, indicating that the mutant cannot mediate processive Ras 
turnover. Size of corral = 2x2 µm2.  
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Fig. S8. Representative kinetic traces collected from individual corrals. 
Total of 73 representative traces extracted from the single molecule assay are shown. All 
the trace is later analyzed by the change point algorithm as described in the materials and 
methods section. 
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Fig. S9. N-terminal domains reduce the fluctuation frequency relative to SOScat. 
State transition probabilities for SOScat (white block), SOS-HDPC (gray block) and 
SOS-HDPC(R552G) (patterned block), showing the likelihood of a given enzyme 
undergoing 1 or 2 state transitions during the experiment.  
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Fig. S10. Dynamic heterogeneity is not due to hindered SOScat diffusion. 
 (A) Simultaneous imaging of Ras turnover (red channel) and SOScat diffusion (green 
channel). Overlaid images show the decay of Ras fluorescence and the position of 
SOScat within the corral at various time points. SOScat was not immobile on the time-
scale of catalytic rate switching. (B) The kinetic trace extracted from the corresponding 
corral (upper right) shows SOScat exhibited different catalytic rates during the course of 
the exchange reaction. Arrows indicate the corresponding time point shown in (A). 
 



 
 

25 
 

 

Fig. S11. Stochastic variation in single-state SOS network. 
 (A) Reaction network for a single-state SOS molecule turning over Ras. Ras·SOS 
indicates Ras bound in the allosteric site, SOS·Ras indicates Ras bound in the catalytic 
site, and Ras·SOS·Ras indicates Ras in both allosteric and catalytic sites. Ras* represents 
a Ras loaded with fluorescent nucleotide whereas Ras0 is a Ras with non-fluorescent 
nucleotide. Channel (I) leads to a nucleotide exchange reaction and channel (II) describes 
the case where a SOS unbinds from the surface. (B) 50 representative kinetic traces 
obtained from stochastic simulation based on the reaction network in (A). Simulation 
condition: Time steps of 0.06 ms for 500 seconds. Ras density = 600 molecules/μm2.  
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Fig. S12. PIP2 does not activate the specific activity of SOS-HDPC. 
Inclusion of 2% PIP2 on the bilayer does not affect the observed rate of SOS-HDPC 
catalyzed Ras-GDP turnover (pink trace), in comparison to the 3% DOPS bilayer (red 
trace).  
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Fig. S13. SOS copy number and average catalytic rate. 
(A) and (B) show distributions of average rate computed from Lorenzian fits to the 
experimental rate distributions. The average rate distributions are calculated for 
increasing sample sizes of SOS-HDPC with Ras-GDP (Red) or Ras-GTP (blue). (C) The 
mean rate constant kobs +/- the standard deviation from each average rate distribution is 
plotted for Ras-GDP (red) and Ras-GTP bound in SOS-HDPC.  
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Fig. S14. Fluctuation path plots for SOScat. 
For each state transition, the initial rate (n) is plotted against the subsequent state rate 
(n+1). Points above the diagonal correspond to rate decrease and vice versa. (A) Ras-
GDP promotes SOScat fluctuations into lower activity states 76% of the time, primarily 
into a basal state with a rate close to 1 molecules/s-1. (B) Ras-GTP shows a similar 
pattern, albeit with a 4% shift toward fluctuations into lower activity states.  
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Fig. S15. Probability distribution maps of turnover rate and state lifetime observed 
in the single molecule assay. 
Plots of turnover rates and state lifetime distribution from nucleotide exchange reactions 
catalyzed by SOScat when the allosteric site is bound with (A) Ras-GDP and (B) Ras-
GDP, respectively.    
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Fig. S16. Distribution of  as a function of switching rate and time. 
Each row presents a different switching rate and each column presents a different time, 
with the first column (A) giving results at 10 s and the second column (B) giving results 
at 100 s. The first two rows use  = 0.25,  = 0.5, and  = 0.25. The last row 
summarizes results for an enzyme the samples only the single, average rate of the first 

rows (0.003025 s-1). Each histogram summarizes the distribution of  from 105 
independent trajectories. No deactivating enzymes are present. 
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Fig. S17. SOS activity and fluorescence decay in individual corrals. 
During the enzymatic reaction, Ras and SOS surface concentrations remain constant 
within the corral. SOS activity exchanges fluorescent for non-fluorescent nucleotides in 
Ras, causing a decrease in fluorescence. Initially, when all Ras is fluorescent, the rate of 
Ras turnover and the rate of decrease of fluorescence are identical. As SOS begins 
spending more time turning over non-fluorescent Ras, the two rates diverge. Assuming 
that SOS does not distinguish between fluorescent and non-fluorescent Ras, the rate of 
turnover of total Ras will remain constant in a corral, while the rate of turnover of 
fluorescent Ras will decay exponentially.  
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Fig. S18. Identification of individual functional states. 
(A) and (B) Two representative kinetic traces and the identified kinetic states (black solid 
lines) are shown with fitting residuals plotted on top (red line). For the change point 
analysis, the traces were recast in the form of the local slope of the kinetic traces 
calculated as the difference between consecutive data points (∆=(xi+1-xi)/(ti+1-ti), where 
i is a running variable looping through the trace and xi denotes the data point i in A and 
B). Such delta values were calculated for two neighboring points (i+1) but also for (i+2). 
(C) and (D) shows the traces corresponding to (A) and (B) recast in this way and the 
result of the change point identification (black solid lines).  
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Table S1: Reactions and rate constants used are adapted from (8) 
Reaction kon 1/(µM*s) koff  (1/s) kcat   (1/s) 
1. (allosteric binding) SOS(allo)+Ras-
GDP↔SOS(allo)-Ras-GDP 

.12 3.0 NA 

2. (allosteric binding ) 
SOS(allo)+Ras-GTP↔SOS(allo)-Ras-GTP 

.11 .4 3.6 

3. (deactivation by RasGAP)  
RasGAP+Ras-GTP↔RasGAP-Ras-
GTP→RasGAP+Ras-GDP 

1.74 .2 .1 

4. (DAG binding of Rasgrp1) 
DAG+Rasgrp1↔DAG-Rasgrp1 

5 5 1 

5. (activation by Rasgrp1) 
DAG-Rasgrp1+Ras-GDP↔DAG-Rasgrp1-
Ras-GDP→DAG-Rasgrp1 + Ras-GTP 

.33 1.0 .01 

6. (catalytic pocket reaction) 
SOS+Ras-GDP↔SOS-Ras-GDP 

.27 4.0 .0005 

7. (catalytic pocket binding when allosteric 
pocket is occupied by GDP) 
SOS(allo)-Ras-GDP + Ras-GDP ↔SOS(allo)-
Ras-GDP-Ras-GDP 

.07 1.0 (See 
Supplementary 
table S2a) 

8. (catalytic pocket binding when allosteric 
pocket is occupied by GTP) 
SOS(allo)-Ras-GTP+Ras-GDP↔SOS(allo)-
Ras-GTP-Ras-GDP 

.05 .1 (See 
Supplementary 
table S2b) 
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Table S2a: Kcat distribution, SOS(allo)-Ras-GDP  
 Kcat 1 Kcat2 Kcat3 
Value (1/s) .000545 .00545  
Probability .5 .5  

 

Table S2b: Kcat distribution, SOS(allo)-Ras-GTP 
 Kcat 1 Kcat2 Kcat3 
Value (1/s) .000545 .00545 .141 
Probability .25 .5 .25 

 
Note: Kcat distributions are chosen such that the average Kcat value matches 
experimentally determined results previously used in the model (8). 
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Table S3: Rate switching reactions included.  
In the table below, ‘i’ and ‘j’ will denote an arbitrary indexing over the various catalytic 
states of either SOS(allo)-Ras-GDP or SOS(allo)-Ras-GTP. Switching reactions are 
treated as first order reactions. A transition into state SOS(i) occurs with a rate 
K(switch)*P(i), where P(i) is the probability of SOS(i)’s catalytic rate. This is 
mathematically equivalent to each SOS enzyme switching its catalytic rate with rate 
K(switch) and then drawing a catalytic rate from the Kcat distribution listed above. K(on) 
and K(off) values referenced below are listed in Supplementary table 1 above. The value 
of K(switch) used has been varied between 1s-1 and .01 s-1. In simulations for which the 
switching rate of SOS(allo)-Ras-GTP is slower than that of SOS(allo)-Ras-GDP, we have 
used a ten-fold difference in switch rates. 
 
Reaction Rate  
SOS(i)(allo)-Ras-GDP→SOS(j)(allo)-Ras-GDP K(switch)*P(j) 
SOS(i)(allo)-Ras-GTP→SOS(j)(allo)-Ras-GTP K(switch)*P(j) 
SOS+Ras-GDP→SOS(i)(allo)-Ras-GDP K(on)*P(i) 
SOS+Ras-GTP→SOS(i)(allo)-Ras-GTP K(on)*P(i) 
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Table S4: Concentrations used.  
These concentrations have been shown to demonstrate bistability when Kcat fluctuation 
is not allowed (8). 
Species Concentrations 
Ras 75 molecules/(µm)2 

SOS Varied from 0 to 1900 molecules/(µm)3 

Rasgrp1 Varied from 0 to 1250 molecules/(µm)3 

DAG 12 molecules/(µm)2 

Ras-GAP 125 molecules/(µm)3 
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Movie S1. Epifluorescence time lapse of SOScat-catalyzed nucleotide exchange 
reactions in the corral assay.  
Immediately prior to capturing the movie, SOScat was injected as a pulse through the 
flow chamber. Flowing in non-fluorescent GTP then initiated the reaction, and the time-
lapse imaging was started. Individual corrals are observed to gradually turn dark, as SOS 
within the corral exchanges fluorescent nucleotide with non-fluorescent nucleotide. The 
difference in fluorescence decay kinetics between corrals is visible by eye. The time 
interval per frame is 35 s (0.0286 Hz) and the total duration of the movie is 1365 s. The 
movie was recorded with 400 msec exposure time. Individual frames were aligned using 
the StackReg command of ImageJ.  

 

Movie S2. TIRFM single molecule tracking of SOScat-Atto647N in corrals after the 
reaction.  
False color overlay showing the epifluorescence emission from Ras-GTP-488 in red and 
the TIRFM emission from SOScat-Atto647N in green. A clear correspondence between 
dark corrals and SOScat enzymes is observed. The movie was recorded at ~5.5 Hz with 
150 msec exposure time. The duration of movie is ~3.6 s (20 frames). 
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